Objective. To assess the feasibility of a new method of measuring the attenuation coefficient in the liver, which offers less variability of results than the conventional method. Methods. The attenuation coefficient was evaluated on the basis of the following equation with sound field correction:
Objective. To assess the feasibility of a new method of measuring the attenuation coefficient in the liver, which offers less variability of results than the conventional method. Methods. The attenuation coefficient was evaluated on the basis of the following equation with sound field correction:
In our system, the attenuation coefficient was also evaluated by the spectral shift central frequency method at the same time. We used 44 cases of normal liver, 40 cases of fatty liver, and 20 cases of cirrhotic liver in the system. Results. With this new method, attenuation coefficient values were 0.59 ± 0.10 dB ⋅ cm ⋅ MHz -1 in cirrhotic livers. In both methods we recorded a statistically significant difference between normal and fatty livers and between fatty and cirrhotic livers (P < .0001). Only in the fatty liver was any significant difference (P < .0001) found between attenuation coefficients in the new method and those in the spectral shift central frequency method (0.70 ± 0.05 dB ⋅ cm 
).
Conclusions. This new method, which was more sensitive in detecting fatty infiltration than the spectral shift central frequency method, was considered usable for evaluating the attenuation coefficient of the liver in vivo. Key words: attenuation coefficient; cirrhotic liver; fatty liver; tissue characterization; ultrasonography.
urrent methods for in vivo measurement of attenuation can be placed in 2 main categories: (1) measurements of the difference in peak or total energy between the signal received from 2 depths (the power method) and (2) measurements of the downshift in the center frequency of the signal received at the 2 depths.
Many investigators, including ourselves, have reported the results of determining the attenuation coefficient using the spectral shift zero-crossing method, 1-3 the spectral difference method, 4, 5 or the spectral shift central frequency method (SS method) 6, 7 in a diseased liver. These methods, however, all involve some problems. Results obtained thus far by the SS method or the zero-crossing method show a relatively high degree of stochastic vari-ability. 8 The spectral difference method is rather accurate, but it requires many signals, especially indicating direction and depth, for the calculation of accurate results. We have developed a system for evaluating the attenuation coefficient by using a hybrid of the 2 conventional categories introduced above, which is equivalent to the un-normalized moment method. 9 In the un-normalized moment method, stochastic variation of the attenuation coefficient is reduced because only zero-order and firstorder moments are used in attenuation coefficient calculation. 10 The purpose of this study was to assess the feasibility of this new system for measuring the attenuation coefficient of the liver. To clarify the advantages of the new method, we compared the results obtained by it with those of the SS method.
Materials and Methods

Theory
In the SS method, the attenuation coefficient is calculated according to the following equation 1, 6, 7 :
(1)
where β 1 is the attenuation coefficient, f c is the central frequency, and σ(z) is the SD of the spectrum of the ultrasonic pulse. In our new method, the attenuation coefficient is determined as explained below. In a homogenous medium, the power spectral density of a received signal O(z,f) is expressed by the following formula:
where I(z,f) is the power spectral density of the transmitted signal, and f is frequency.
If this formula is simplified to be independent of z in I(z,f), we obtain the following equations:
where M n (z) is the short-term power in the nth moment:
where the central frequency of the echo is defined by:
In both our method and the un-normalized moment method, the attenuation coefficient is evaluated by using Equations 2 and 3, respectively. These equations appear in theory to be equivalent, and the new method shows lower variability in the attenuation coefficient.
Sound Field Correction
The attenuation coefficients given by Equations 1 and 2, however, include the diffraction effect in the sound field: it is corrected by adjusting f c (z) and M 0 (z). The corrected attenuation coefficients, α values, are determined with the following equations:
With a commercially available Radiation Measurements, Inc (RMI) phantom (Gammex RMI, Middleton, WI; attenuation coefficient, 0.50 dB ⋅ cm
), the diffraction correction factors ε(z) and τ(z) are experimentally determined as the difference between the measured and estimated shifts in central frequency and as that between the measured and estimated shifts in the short-term power, respectively. This method of correction is based on the blind restoration technique. 1, 11, 12 The field near the transducer is saturated with strong backscattered radio frequency (RF) signals, whereas the far field exhibits much noise. These effects must be avoided in the proper determination of the attenuation coefficient. Therefore, the depth range of the 3.75-MHz sector array scanner was set between 16 and 125 mm with the focus depth of 106 mm for the purpose of sound field correction.
Data Acquisition and Calculation
In this study, the attenuation coefficient was measured with a 3.75-MHz sector array scanner (SSD-5500; Aloka Co, Ltd, Tokyo, Japan) equipped to use 2 attenuation coefficient measurement systems: the SS method 6,7 and a new method, which is a hybrid form of the power and SS methods. 9 Preparation of the system involved programming an offline computer to obtain and analyze RF signals. The computer software (RF signal filing tool 3.2.2, Aloka; and MATLAB, The MathWorks, Natick, MA) was used for obtaining RF signals and for analysis of the RF signal.
By slightly tilting the scanner manually, we were able to obtain 10 frames of RF signals from all cases. Two amplitude values are independent if the probe is translated by about half its width between the measurements. 13 Thus, to reduce the statistical dependency of the amplitude from frame to frame, the probe was tilted as quickly as possible.
In both systems, the received power spectral density in a region of interest (ROI) using RF signals for 10 frames was evaluated in the following process. In each A-line in 1 frame, the power spectral density was evaluated by fast Fourier transform analysis with a Hamming window of 48 points (≈2.5 mm), which was arrayed at a shift interval of 4 points (≈0.20 mm) in the direction for depth. The power density of each Hamming window located at the same depth from the scanner was averaged in each of the A-lines and the 10 frames. The resulting average was considered the relevant power spectral density versus depth of the ROI in each case. On the basis of the B-mode image, an ROI was selected manually to cover as large an area of the liver parenchyma as possible, excluding relatively large vessels in all cases (Fig. 1) . The values of the attenuation coefficient using the SS method and our proposed method were calculated in an ROI at the same time. It took approximately 5 minutes to calculate the attenuation coefficient values using this computer system.
The following 3 operations were carried out by the attenuation coefficient calculator. The diffraction effect was corrected by subtracting ε(z) and τ(z) from the observed f c (z) and the observed M 0 (z); the time derivatives in the equations were evaluated from the slope of a line fitted to the corrected f c (z) and M 0 (z); and each α was calculated (Figs. 2 and 3 ).
Phantom Study
To verify the accuracy of the new method, we performed a phantom study using a commercially available RMI phantom (Gammex RMI; attenuation coefficient, 0.70 dB ⋅ cm
). A square ROI (3 × 3 cm) containing 64 A-lines was determined at a depth of 3 cm from the phantom. The attenuation coefficient of each A-line was evaluated with the system described above.
Clinical Study
The attenuation coefficients of the livers of 44 subjects (16 male and 28 female; age range, 13-77 years) without liver disease were studied. Forty patients with fatty liver (18 male and 22 female; age range, 14-77 years) and 20 with liver cirrhosis (13 male and 7 female; age range, 47-86 years) were also studied, and the values obtained were compared with those from the healthy subjects. In all cases, the diagnoses were confirmed by 1 or more of the following: laboratory test results, computed tomography, and histopathologic findings. The paired or unpaired t test was used in the statistical analysis. P < .05 indicated a statistically significant difference.
Results
Phantom Study
In the phantom, the attenuation coefficient values of each A-line were 0.68 ± 0.15 dB ⋅ cm 
Clinical Study
The attenuation coefficient value of normal liver averaged 0.59 ± 0.10 dB ⋅ cm . In both methods, there were statistically significant differences between normal and fatty livers (P < .0001) and between fatty and cirrhotic livers (P < .0001; Figs. 4 and 5 ). Attenuation coefficient values obtained with the new method were significantly greater than those obtained with the SS method in fatty liver (P < .0001), although no significant differences were found between the new and the SS methods in either normal (P = .79) or cirrhotic (P = .96) liver.
Discussion
The results of the phantom study supported the superiority of the stochastic stability of this new method because of the lower SD of the estimates. The new method may permit us to determine the attenuation coefficients of organs much smaller than the liver, such as the thyroid.
In our clinical study, we found that the attenuation coefficients of fatty and cirrhotic liver were both elevated beyond the normal range, and the attenuation coefficient of fatty liver was higher than that of cirrhotic liver in both methods. On this issue, other workers have reported similar results. 1, 4, [14] [15] [16] The attenuation coefficients of normal liver in this study were 0.59 ± 0.07 dB ⋅ cm Conversely, the attenuation coefficient values obtained with our method were significantly greater than those obtained with the SS method in fatty livers, but no significant differences were seen in normal and cirrhotic livers. This result suggests that the new method is more sensitive than the SS method in detecting fatty infiltration of the liver. We speculated that a nonlinear factor, n, was the cause of this finding. Although many reports [19] [20] [21] [22] [23] indicate that a power law function of the type α(f) = α 0 f n describes the frequency dependence rather well, most reports have considered only linear cases, that is n = 1. [1] [2] [3] [4] [5] [6] [7] [8] 11 In this study, a linear frequency dependence of attenuation was also assumed. Conversely, fatty liver has a higher nonlinear factor than normal or cirrhotic liver. 14 In conclusion, the new method appears capable of making a useful contribution to the evaluation of the attenuation coefficient of the liver in vivo. We are considering using the method for determining the attenuation coefficients of small organs such as the thyroid and the mammary glands. 
